MERS is a 50kg class LEO satellite which will provide a microgravity environment for experimental research and novel manufacturing, offering an alternative to the ISS when access is difficult or no longer available. It has been designed to fly in a wide range of orbits by carefully conceiving a payload data concept that enables almost infinite variety in the types of experiments which can be flown, while simultaneously allowing a simple and robust communication system design. Similarly, the power and thermal subsystems have been designed to ensure compatibility with this wide range of orbits. This makes the system highly flexible and therefore also responsive, in that it can fly as a co-passenger with a large number of other missions. What makes MERS most unique is that once the orbital experiment operations have been completed, the entire satellite then re-enters the Earth's atmosphere and lands safely on the ground, allowing users to obtain the finished results of their experiments.
Nomenclature

AOCS
Introduction
Research under conditions of microgravity can have far-reaching humanitarian, scientific and commercial impacts. While drop towers and parabolic flights can provide brief conditions of microgravity, the long durations of microgravity available when in Low Earth Orbit represent the only real environment in which many types of research and eventually manufacturing can be conducted. Currently, the International Space Station (ISS) provides the main opportunity for doing such work, along with sporadic missions such as the FOTON flights. The increasing popularity of conducting research in microgravity and the limited number of flights to the ISS mean that waiting times for researchers are very long. In a fast-paced commercial environment, this is a major short-coming. In addition, political events in 2014 demonstrated how fragile the reliance on the ISS is and that in order for the research and manufacture of materials, chemicals and pharmaceuticals -to name but a few -to become really regular and cost-effective, more robust, secure, longer-term solutions need to be found for conducting long-duration microgravity research.
Mission Context
The "MERS" satellite and mission concept aims to fill this gap. MERS is a microsatellite which carries a number of modularized experiment compartments and provides a period of around 2 months in low earth orbit for microgravity work. Upon completion of all experiments, the entire spacecraft re-enters the Earth's atmosphere and lands in tact on the ground to allow retrieval of the experimental results. This last part -retrieval of the experiments -is something which is very costly and not always possible when conducting research on board the ISS. This could be highly attractive to certain types of commercial researchers.
The condition of microgravity is a great enabler for many chemical, pharmaceutical and manufacturing processes and the extent of this is only just beginning to be fully understood. With the lifetime of the ISS the subject of much discussion and uncertainty, it makes sense to examine alternative means of providing ready access to microgravity conditions.
Making money in space is never easy and it will be challenging to make the MERS concept commercially viable. The best way to set about achieving this is to: (a) Make the payloads modular, with standardised interfaces and ensure that several experiments are flown on each flight. The exact number has not yet been selected, but the initial concept has 4 payload modules. (b) Make the spacecraft compatible with as many orbits as possible, thus allowing it to fly at relatively short notice almost as an opportunity mission with a wide range of co-passengers.
Further, although MERS is not a cubesat, its design seeks to utilise as much COTS cubesat equipment as possible. By keeping the missions very short, this relatively inexpensive hardware can be used for most of its subsystems. Simplified manufacturing is used wherever possible (such as the internal structure) and the number of exotic items is minimised. Even the heat shield will employ materials with a high degree of flight heritage. A simple and inexpensive communications system has been achieved by means of the approach taken to dealing with the almost infinite variety of possible experiments with which MERS could have to cope. The cost of operations has been minimised by designing the system to be compatible with a single, university-style ground station. The regulatory and insurance costs associated with re-entry are likely to be significant, but these are unavoidable if the end goal is a recoverable satellite. Thus, in all other aspects of the system, the key focus has been on flexibility and simplicity, to ensure both lower costs and higher reliability.
Mission design approach
The aim is to make the initial concept demonstration mission achievable by a university or group of universities and more will be said on this later in the paper.
On the face of it, MERS is a technically challenging mission. However, it has been conceived in such a way as to minimize many of these technical challenges and risks.
In addition, it has a number of features which make it quite robust in comparison with many more "traditional" microsatellites. For example, the MERS spacecraft has no need of deployable solar arrays to meet its power needs, thus enhancing its reliability and the robustness of the mission. The MERS system does not require an expensive or sophisticated ground station network (such as the Deep Space Network or the use of X-band, for example). It has deliberately been designed to work even with UHF for a wide variety of mission scenarios, but can, if necessary, offer a more data-capable S-band version. The former minimizes regulatory costs and allows the use of any university-style ground station. The latter allows a significant increase in data volume which can be transmitted, at an increased cost, but still within the capability of many university ground stations.
The MERS spacecraft currently has no propulsion system, in-keeping with an original customer requirement. The question of whether to carry a propulsion system is a complex one and has not been fully concluded upon. The main driver to carry one is the need to achieve a precise and reliable start to the re-entry. At least for the initial demonstration system, no propulsion system will be carried. This choice is driven by the volumetric burden a propulsion system would place on MERS. The added complexity and cost of carrying a propulsion system has deliberately been avoided in the following ways:
• The mission duration is kept short (optimized to experiment duration) • Transfer orbital manoeuvres are avoided by designing the spacecraft to be compatible with a wide range of quite different orbits, thereby allowing it to fly as a secondary payload with as many primary passengers as possible.
• An attitude and orbital control subsystem which in the first instance is sized to cope with 2 months of operational manoeuvres. It uses wheels and magnetorquers to perform momentum offloading during experiment operations, and passive drag steering 1) and drag-area increase for a gradual orbit reduction and final re-entry preparation phase to avoid saturating the wheels and further pointing control.
A limited amount of 1-1 redundancy is proposed for MERS and this will be for mission critical systems, predominantly those which relate to the safety of re-entry. These include the actuators on separation devices for antennas and drag-inducing devices. In addition, some paths of the TT&C and power subsystems and the thermal control heaters will have this redundancy. One-to-one redundancy is not foreseen for reaction wheels, since the drag steering and magnetorquers provide a back-up, although with reduced accuracy of the final landing. This philosophy balances short mission duration against some of the criticality of re-entry.
A fully passive re-entry with a hard landing has been targeted as baseline. With this approach, which is currently under consideration for a number of interplanetary sample return missions, such as 2), the risk associated with a failed parachute deployment is removed.
Mission objectives
Clearly, the paramount objective is to provide an environment suitable for longer-duration microgravity experiments, giving continuity of service long after the ISS ceases operation. Secondly, the concept must allow the retrieval of microgravity experiments for analysis after completion in orbit. Thirdly, by developing a system which requires regular re-entry, the worldwide knowledge and practice of re-entry, including all of the things which accompany this, such as TPS technology and orbit prediction, can be improved.
Operational Concept
Sequence of mission events
The MERS system aims at operational simplicity and responsiveness. Given that recovery of experiments via atmospheric re-entry is a complex and challenging undertaking, it is important that the MERS system be kept as simple as possible in all other respects. Figure 1 depicts the broad operational concept conceived for the MERS mission. A MERS spacecraft containing a number of microgravity experiment compartments is launched; it spends about 2 months in LEO while the experiments run; its orbit is then gradually lowered by means of a moderate drag-area increase, it is prepared for re-entry and finally, a sudden area increase is used to provide a step change in drag to initiate re-entry. After a hard-landing, the experiments are retrieved on ground.
From the business case viewpoint, selection of the launch vehicle for MERS balances system flexibility (by making it compatible with shared launches to a variety of orbit heights and inclinations) with simplicity of the MERS spacecraft (by designing it for a particular orbit).
Trading flexibility with design certainty
The mission philosophy of MERS ("flexibility for viability") means that its design space could be vast: it should be able to accommodate a wide variety of experimental payloads and it should be able to be launched into and fly in a wide range of orbits. To bound this space so that the power, thermal and TT&C subsystems could be sized, the following envelopes have been used: • Orbit altitude can be anywhere in the range of 400-500km. This ensures adequate microgravity conditions, an altitude from which de-orbit is relatively easy and a transmission range compatible with UHF. Circular orbits have been assumed at this point.
• Orbit inclination can be anything from around 28° to 98°. 98° was selected because SSO orbits are popular; therefore, there would be many ride-share opportunities. It will be seen in §4 that a 47° orbit has been examined -this represents the best access scenario for a ground station in Canberra, the location of UNSW Canberra. It is the best case for the TT&C subsystem, while the SSO orbits are best for the power and thermal subsystems.
• Payload data requirements for any single mission must fit within the volume given by the scenario in Table 1 , where 4 very different experiments have been conceived. They differ vastly in terms of data sampling rate, type and duration. By working within this total data volume, a wide range of scenarios can be accommodated without detailed, prior knowledge of the experiments to be flown. Similarly, experiments can be grouped so that each mission complies with this total. Of course, no experiment needs to match any of these payloads P1 to P4 in Table 1 , only the total mission data needs to comply with this maximum.
• Following launch, separation and commissioning, the microgravity experiments begin. While the thermal control subsystem is designed to allow all experiments to function simultaneously if necessary, a sequential execution of the experiments is the baseline. This has allowed the TT&C subsystem to be based around UHF and a single ground station. It also means that the experiments do not influence each other and, therefore, they each experience the most stable environment possible, while also having additional power and thermal control resources in reserve, if required. However, the exact sequence of experiment operations can be made according to each group of experiments flying together, as these are likely to be quite varied in nature.
Operations will be controlled from Canberra, Australia. The baseline concept will make use of a single ground station in Australia. Scenarios with partner ground stations in Ghana, Canada, Italy and Germany have also been simulated. These will naturally allow a significant increase in the daily volume of experiment data which can be downlinked and then accessed remotely via the internet. Such a concept is viewed as a desirable, follow-on step to the initial single ground station operational set-up.
Once the experiments have successfully completed, MERS begins the phase of operations which distinguishes it from all other traditional microsatellites. De-orbit is performed passively by increasing the drag on MERS. During this time it maintains its nominal sun-pointing attitude to maximise the solar power available. Once the altitude is sufficiently low, drag-steering mode is entered for a low number of orbits to allow a final check on the orbit parameters to be made from ground, before re-entry is commenced. When everything is correct, a last reduction in altitude is performed by making a large, final increase in drag-area. Over the mission, the ballistic co-efficient of MERS will have changed from around 63 to 3.9 kg/m². Calculations show that the de-orbit phase without a propulsion system can reasonably be accomplished in around 6 months. The drag system is then jettisoned, the reaction wheels are used to fine-tune MERS in its re-entry attitude and the switch to battery mode is made. If the re-entry is started at the correct time, the inherently stable aerodynamic shape chosen for MERS will ensure that a landing within the very large available at Woomera, Australia is made. The internal design minimises the effects of the re-entry and landing on the experiment modules. The TT&C subsystem includes a locating beacon. The experiment modules are then retrieved after the landing. An example re-entry trajectory is shown in Fig. 2 . Note that re-entry would never commence from this altitude -a gradual orbit-lowering is planned to below 150km altitude before attempting re-entry. 
Space Segment Performance
The quality of the microgravity environment is a key performance parameter. To ensure that the level is 10 -6 g or better in the 400-500km altitude MERS orbits, the disturbance forces such as drag and gravity gradient have been examined. MERS will have a ballistic coefficient in the region of 63kg/m²; thus, above approximately 320km, microgravity conditions should exist inside it even at solar maximum. This can be demonstrated by calculating the deceleration due to drag. Furthermore, by flying in an inertially-fixed orientation and by keeping the payload modules as close to the spacecraft's centre of mass, the effect of other disturbing forces is minimised and the level of microgravity can be further improved.
The MERS thermal design must provide an internal payload temperature around 20°±1°C for the period during which experiments take place. This temperature level allows direct equivalence with experiments conducted on the ISS. This stability is the advantage gained for crystal growth when convection currents are reduced or removed.
The thermo-mechanical environment during re-entry must ensure physical and chemical stability of the experiments, while not driving the design of the thermal protection system unreasonably. The thermal design aims to maintain a non-operating temperature range within the experiment modules of -20°C/+50°C. This range is also compatible with most consumer electronics. A thermal and shock isolation system has been conceived to isolate the experimental modules and avoid damage from excessive g-loads and shock (see Ref.
3)).
The attitude and stability for the start of re-entry start are critically important to ensure a controllable and predictable flight path. The centre of mass of MERS must be closely controlled relative to its aerodynamic centre. A stable re-entry is achieved by using an inherently stable sphere-cone (50° cone angle) which balances the ballistic coefficient with the peak heating load. 4) The system must allow sufficient data volume to be downlinked so that all data from sensors within the experiment modules can be received during the orbital part of the mission to enable the customer to have a complete picture of their experiment. Thus, in the event of a failed re-entry, all experimental information will already have been obtained.
The MERS Spacecraft
Space segment concept
The MERS spacecraft described here is for a 50kg class, scalable proof of concept mission. An initial system trade-off led to the decision that the complete MERS spacecraft should be re-entered, rather than attempting to re-enter the experiment modules separately (see Ref.
3)). The external configuration will be determined by the final choice on flight attitude and heat shield angle. The different flight orientations for the MERS spacecraft are shown in Fig. 3 , where Configuration 2 is the current working baseline. It is the best configuration thermally and for power generation: it keeps the most insulated side facing the sun, the radiator always away from the sun and allows for the simplest solar array. Its main disadvantage is the need for attitude control throughout the main operational phase, because of the asymmetric drag and gravity gradients on the spacecraft in this orientation. In this configuration, the solar array would be integrated into the conical surface of the cooler section of the heat shield, while the flat, anti-sun side would form the main radiator surface. Thermal analysis confirms this area is adequate to maintain approximately 20°C inside MERS. Bear in mind that the solar array does not need to function during or after re-entry; it must only maintain structural integrity. Attitude control is performed using micro reaction wheels. This anti-sun side must then be thermally decoupled from the internal compartment prior to re-entry. Configuration 3 is adopted for the drag-steering phase once all experiments are complete. This uses a novel concept whereby passive drag steering is achieved via 4 fin-antennas attached to the leeward side of the spacecraft. These double as antennas during the orbital phase, but would need to be jettisoned prior to re-entry. Power supply is poorer in this orientation and MERS is less stable thermally. The cut-away view in Fig. 4 shows how the experiment modules are located to have the greatest mechanical and thermal isolation from the external environment. The main heat shield has a simple sphere-cone shape using high TRL-level materials. The omni-directional antenna(s) will be located on the leeward (radiator) surface.
The mass of MERS is calculated to be 35kg. The TPS comprises 43% of this, which is clearly a large proportion and is higher than for some comparable designs; thus, some optimisation is required. These figures include a 20% design margin on all of the standard equipment. In a number of critical areas, namely the heat shield, the internal structure and the internal shock and thermal isolation system, a margin of 30% has been applied.
Payload concept
In a manner analogous to the cubesat concept itself, 1U-sized experiment compartments have been conceived. In the baseline configuration, MERS will carry 4 such modules. Each module will provide a standardized offering of 2W power, a maximum mass of 1kg and will provide a standard data interface. This would make it compatible with current commercial offerings, such as those from Nanoracks, or by combining adjacent modules, the Astrium 4U device.
Because the users may wish to conduct an almost infinite variety of experiments, this standardized approach has been adopted as the only sensible way in which to control the design of the spacecraft and its supporting systems. This does not, however, limit the types of experiments, other than in physical size. For example, a biological or pharmaceutical experiment may have a low power requirement, but it may require a higher data volume (video, for example). This could be payload P3 or P4 in Table 1 . Conversely, a customer wishing to conduct crystal growth experiments might want a short burst of power much higher than 2W. In such cases, a customer might design their experiment module to have an internal capacitive bank, for example, to enable the high initial heating needed to initiate combustion. The data requirements might differ here, too. A higher sampling rate of temperature may be desired for an initial short period, followed by a much lower sampling rate and even the occasional JPEG image of the results such as with payload P1 or P2.
The payload scenarios presented in Table 1 have taken these highly disparate needs into account and have been used in the sizing of the TT&C subsystem. Here again, the philosophy was to maintain maximum flexibility in the concept, while striving for maximum simplicity i.e. allow as many different experiments, but try and make the system work on UHF or S-band at the maximum.
A further refinement of this module concept would be to enable each 1U experiment compartment to be subdivided to offer smaller, less resource-intensive experiments to be run. For example, one could conceive of experiments which could be conducted in small sub-compartments which could slot into the 1U compartment in an analogous fashion to circuit boards within a cubesat. This would allow a greater density of experiments to be carried on each mission and potentially improve the commercial viability of MERS.
As previously mentioned an inertially-fixed flight orientation will keep the parasitic accelerations to a minimum and thus enhance the quality of the microgravity on board. The trade-off with this is that that reaction wheels will need to be used more than if MERS flew with its aerodynamic shape aligned with the velocity vector and thus the operational planning is important. The duty cycles of the reaction wheels must be co-ordinated with any periods in which a particular experiment requires additional power, extra thermal stability or data downlinking. The size of the MERS spacecraft is such that the location of the experiment compartments relative to the centre-of-gravity is uncritical. 
Thermal control subsystem
The internal thermal control subsystem is relatively simple. A passive balance between the internal heat loads and the external heat rejection from the anti-sun radiator allows an average temperature around 20°C with a stability of around ±1°C to be achieved, even with the varying Earth fluxes and periodic reaction wheel use. Finer control is then achieved by regulating heaters at the experiment module interfaces. There are no major heat loads from the platform equipment, but to maintain stability during periods of data transmission or reaction wheel operation, localised heat absorption (e.g. using a phase change material) might be used. Thermal switches are needed to isolate the radiator from the interior during the re-entry phase, when it acts as the leeward heat shield. On orbit, the relatively low in-plane conductivity of the TPS material requires extra measures to enable it to function as a radiator. A possible solution is to use the internal supporting structure (likely aluminium) to spread the heat in the plane of the radiator on its interior surface. Then there remains the trade-off between obtaining the thinnest TPS in this leeward region, for reasons of reducing mass and increasing heat transfer while on orbit versus a thicker layer of TPS for decreasing heat transfer during re-entry. This supporting structure could be used to improve heat transfer between internal equipment and the radiator while in orbit. Then, with proper decoupling, the conductive coupling can be reduced for the re-entry phase while a radiative barrier would also help insulate against the external heating loads. A more detailed description of the thermal design is presented in Ref.
3).
Thermal protection system
The TPS is possibly the most critical part of the MERS spacecraft. It must ensure that the spacecraft survives the re-entry heating. There are a number of aspects to be traded off. These include the use of ablative versus non-ablative materials, optimum trajectory (balancing peak heat load with heating duration and decelerations) and ballistic aspects, such as the heat shield shape (a smaller angle means lower heat loads, but lower aerodynamic stability). Peak heat load is a direct driver of the thickness of the TPS and thus the mass of MERS. The ablative materials are more suited to lower heating loads than the non-ablative ones, but they are significantly lighter. Also, as they ablate, the aerodynamic shape of MERS changes slightly and this is a consideration in the predictability of the landing site. At this stage, it is expected that MERS will use a low-density ablator like the Hayabusa Earth Return Capsule, 5) with the possibility that the nose will be made from a heavier non-ablating carbon phenolic. The strategy behind this is two-fold: the carbon phenolic withstands higher heating loads, plus its greater mass will ensure that the centre of mass of MERS remains in front of the centre-of-pressure, thus ensuring aerodynamic stability. A further option which could help optimise the useful payload mass fraction for MERS would be to layer TPS materials of differing densities, but this carries the risk of delamination during re-entry and would need to be considered in the frame of the overall mission risk approach. An attractive material is being developed by the Kyushu Institute of Technology and JAXA (see, for example, Ref. 6)). Some initial tests for MERS have already been conducted early in 2015 and further testing is planned for later in this year.
The current design for MERS has a cone angle of 50° and a nose radius of 0.19 meters. MERS can adopt heat shield cone angles between 50° and 55° without compromising the dual needs of solar panel surface area and minimisation of peak temperatures. Figure 5 shows a finite element model of the MERS heat shield as a low density ablator (PICA in this case). This analysis assesses heat soak and for a 3cm thick heat shield, the temperature of the interior rises only negligibly during re-entry. Note that this is a 2D approximation of the heat shield 'laid-flat'.
Stagnation point heating was calculated through the trajectory using the relation of Tauber and Meneses, 7) accounting for both a hot wall and radiative loss, but without the heat rejection via ablation. The heating away from the stagnation point was scaled from the stagnation value according to the method of Lees.
8)
The analyses showed that a minimum thickness of 2.5cm is needed to maintain benign internal temperatures (although at this preliminary stage, ablation has been neglected). Figure 5 shows how the highest internal temperature occurs long after the peak heating rate has occurred.
Power subsystem
The MERS peak power demand is estimated as 33.5 W. This is met by an array which generates a peak of 36 W through 6 separate sections with a combined surface area of 0.25m². MERS will use proven COTS electrical power subsystem products to minimise the chances of failure in this already complex mission. Each section of the solar array is attached to a Battery Charge Regulator, each of which has a Maximum Power Point Tracker used to position the electrical point of operation of each section of the solar array to ensure maximum power transfer. This is especially important when configuring MERS for the Configuration 2 case, since not all cells will be at the same temperature. The bus has 5V at a maximum of 4A (20W) and 3.3 V at a maximum of 4A (13.2W) to handle the varying power needs of the subsystem components. The entire electrical power subsystem has an estimated mass of 1.44kg, which includes cells, harness, battery and conditioning equipment.
The solar array uses triple junction GaAs cells and a relatively low packing factor of 80% has been assumed because of the curved surfaces to which the cells will be mounted. Due to the unique shape of MERS, the solar panels are always inclined to the incident solar rays, thus reducing the effective power generated.
A MATLAB script was written to determine the solar array surface area required for the MERS mission, taking into account cell packing factor, incidence angle (beta angle), temperature variation around the orbit and power transfer losses. The peak power generated just exceeds the peak demand without supplement from the battery. Table 2 lists the preliminary estimates which have been made for the power users on board, based on the specifications of typically available COTS equipment and some broad assumptions on duty cycles based on the likely orbital events during nominal operations. Figure 7 shows the power profile of MERS for a 450km dawn to dusk sun synchronous orbit (this is the best power case at an altitude in the middle of the design range). The power generated by the solar panels is indicated in blue and the total power consumption in brown.
The power used for the thermal control subsystem has only been included in the power budget at this stage and has not yet been factored into any internal thermal analysis. As can be seen, a generous allocation of slightly more than 20% of the possible generated power has been set aside for thermal control in order to cover potentially cold periods, such as the final stages of orbit-lowering (when in drag-steering mode), re-entry preparation and immediately post-launch.
In Fig. 6 , a very worst case use of the reaction wheels in flight Configuration 2 has been assumed, where they are run for 1 minute every 10 minutes. This is because the AOCS design is not yet mature. It is clearly desirable to avoid such a scenario by design (i.e. correctly sizing the wheels), but in order to demonstrate a robust power subsystem, this preliminary assumption has been made. Figure 7 examines the 47° orbit scenario, which is best from the communications subsystem's perspective, but worst for the power subsystem. It shows how the launch windows for MERS would be limited to certain times through the year, if it were to be launched as a co-passenger with a mission to such an inclined orbit. However, this still leaves more than 80% of the year available for launching MERS.
MERS has a 30 Watt Hour battery to handle peak power demands, as well as to provide adequate end of life power for the thermal control subsystem, commanding and the beacon during the re-entry and landing phases. For the Experiment Mode phase of the mission, when flying in Configuration 2, the generated power will be sufficient for direct transfer to the sub-systems. The battery will also provide power during eclipses and the beginning and end of the mission. When in Configuration 3, the power produced Fig. 6 . Power profile for MERS in a dawn-dusk sun synchronous orbit at 450 km. The photovoltaic cell efficiency is 28%, the packing factor is 80% and the total cell area is 0.236m².
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will be reduced and heater power may even be required for the battery, during the final, pre-entry period when everything has cooled. Thus, its location must be carefully considered to ensure that it is not degraded by increased temperature, either on-orbit or during re-entry.
TT&C subsystem
The TT&C subsystem is critically important to the MERS mission, since although customers can expect to retrieve their experiments at the end of the mission, they will want their data during and immediately after their experiments. Using the payload and orbital constraints described in §2.2 and using the performance of currently available COTS equipment, an initial sizing of the TT&C subsystem was performed. The many evaluations led to adopting UHF with BPSK modulation for payload data downlinking as baseline. It has been shown to work at up to 800km altitude. A modest improvement in the link margin could be obtained with error control and 4PSK with 11/15 hamming, for example. Similarly, under certain conditions (e.g. low altitude, medium inclination), an S-band link would provide a greater effective transfer of data per day. However, being able to make the MERS system function with a simple UHF system is highly attractive from a technical, cost and regulatory perspective and has thus been adopted as the working baseline. In addition, finding the ideal placement of an S-band patch antenna on the unconventionally-shaped MERS spacecraft is more challenging than for a whip-type antenna. Value required for BPSK dB -9.50 -9.50 -9.50
Link Margin using BPSK modulation dB 7.58 6.64 -8.45
As Table 2 shows, the S-band link does not work at 500km altitude with 10°minimum elevation. An S-band TT&C system can be made to work up to 500km altitude (with a 3dB margin) if the minimum elevation angle is restricted to >50° at 400km or >65° at 500km. Despite the short contact times this would lead to, the much greater bandwidth of the S-band connection would allow ample data to be downlinked. However, 3dB margin is quite low for an early stage design and together with the antenna placement aspect mentioned previously, the UHF system is currently seen as more robust.
For the payload scenarios of Table 1 , the MERS system can be made to work quite well with only a single ground station. This is in keeping with the philosophy of keeping the MERS technology simple wherever possible. Analysis shows that in the best orbital inclination case, namely 47°, the total access time available per day with a single ground station in Canberra varies from about 24 minutes at 400km altitude to 60 minutes at 800km altitude with a 10° minimum elevation. In the worst case scenario, in which MERS is in a sun synchronous orbit, this reduces to about 17 minutes at 400km altitude to 35 minutes at 800km altitude with a 10° minimum elevation. By assembling a network of 3 ground stations, simulations using STK show that the effective daily data can be almost tripled. While an avenue for future exploration, it is must be recognised that this will come at the cost of more complex data management software and operations.
An important aspect in all of these sizing calculations is to make realistic estimates of the sources of noise and loss in the system. The total system noise temperature for the ground station and MERS was calculated by determining the composite temperature of the receivers and the antenna noise temperatures. The sky and ground values were calculated for the Canberra region and data from the specifications of the chosen components of the MERS communication subsystem and the ground station were used.
Currently, AX.25 data packet break-up with a reduced overhead has been assumed. The ESA PUS (packet utilisation standard) will be also assessed as this could increase the number of potential payload users. Considering the potential COTS hardware, the MERS TT&C subsystem will have a mass of <300g and a maximum power consumption of 6.55W.
AOCS
A simplified yet robust AOCS is foreseen for MERS. Once the configuration of the spacecraft has been finalised, a detailed selection of sensors and actuators will be made. The main AOCS modes have been defined. Following the de-tumbling and sun-acquisition immediately post-launch, the inertially-fixed Experiment Mode will be entered. Reaction wheels will be used for this, with momentum off-loading performed by magnetorquers. The pointing requirements are not very stringent -they must ensure proper performance of the power and thermal subsystems, adequate pointing of the antenna(s) and enhance the level of microgravity. The possible use of passive magnets may be investigated, but it will have to be ensured that this is compatible with the environments required for all experiments. Upon completion of the experiments, MERS enters the Re-Entry Preparation Mode, in which its orbit is lowered and its attitude prepared for re-entry. In this mode, it flies in the passive drag-steering orientation, but the reaction wheels become important towards the end of the phase when the final re-entry attitude adjustments are made. At any point during these two modes, various anomalies will trigger a Safe Mode, in which a short manoeuvre ensures MERS is fully sun-pointing and non-essential equipment is put into stand-by.
Avionics and software
The data volumes are relatively low and a number of COTS on-board computers in the cubesat domain have been identified as suitable for MERS. The payload commanding is not particularly complex, either, so it is probably adequate to have a single computer to run both platform and payload processes. Splitting these functions for both processing and TT&C was investigated, but did not appear to be necessary.
Structural design
The internal structure will largely consist of aluminium elements, with built in shock absorption and damping, using a combination of crushable foam behind the heat shield, contained between aluminium layers and Belleville type springs a key points. The method of connection of the heat shield material to the inner structure will be tested in 2015.
Propulsion subsystem
Although the current MERS design does not include a propulsion system, there would be definite advantages from a controllability point of view when performing the orbit altitude reduction and starting the re-entry. Carrying thrusters in the milliNewton range would enhance the controllability of these important mission phases. This level of thrust is would increase control authority and speed up the orbit reduction, since at the maximum orbit altitude, even a large drag-area-increasing device will only create a drag on the microNewton level. This will increase as the altitude drops, but a propulsion system would allow quicker de-orbiting right from the maximum altitude.
The major negative aspect of a propulsion system is the volume required for the propellant, unless a suitable electric propulsion device could be found which was still compatible with the tight power budget. Secondary payloads are generally prohibited from carrying combustibles, so the only other alternative would be a cold gas system, which would require an excessive volume to store the gas needed for a V on the order of 130m/s. Consequently, it is desirable to avoid carrying a propulsion system if at all possible.
The MERS Orbits
The MERS spacecraft is the sole orbital element. As previously explained, to maximise flexibility to increase its chances of commercial viability, MERS must be able to be launched as a co-passenger to and operate in a range of orbits. Its 35kg mass means that all the launchers currently on the market have greatly more performance than is needed to put MERS into its target orbit and therefore, although considerable effort is currently underway to improve the options available to this sector of the launch market, launch as a secondary payload must be assumed. Figures 8 and 9 show the typical coverage obtained from the Canberra ground station for the two orbital extremes considered. At 400km altitude, the effective payload data transfer per day is 10.4 Mbits at 98° inclination and 23 Mbits at 47° with one ground station. Considering the most-data intense experiment, P1 in Table 1 , it can be seen that in an SSO orbit, 12 days post experiment completion are needed to download all of the data, assuming no transmission is made during the experiment (at 47° inclination, only 5 days are needed). With the proper thermal control to maintain a stable internal environment, transmission during the experiments should be quite feasible and this will reduce the time required before the next experiment can begin. With 3 ground stations, these times reduce significantly. Although the system can be made to work reliably with a single ground station, assembling a network of 3 or more will greatly benefit the operation of MERS. As for launch opportunities, Fig. 7 showed how, depending on the orbit inclination, the launch window for MERS could have some restrictions placed on it to ensure adequate power is available during the whole mission.
From Concept to Reality
This mission has been conceived from the outset in such a way that the proto-flight space segment development could be undertaken by a university or a group of universities and similar institutions. This places significant constraints on the manner in which the development can take place. COTS equipment, or that with only minor adaptations to it, must be used wherever possible; complex technologies or developments should be avoided wherever possible.
The concept described herein achieves this in the following ways:  The communications subsystem uses frequencies and equipment compatible with low-cost university-style ground stations  The system has been designed to work with a single ground station, thus reducing operations and software complexity (at least, in the early stages)  The TPS proposes to use a material from a university-led development  A propulsion system has been avoided  A parachute system for the landing has been avoided  The environmental testing can be done in facilities currently available within universities  Aside from the TPS, no complex manufacturing techniques are required A number of key technology developments have been identified. These are the heat shield with solar cells embedded in it, the combined heat shield-radiator for the leeward side, the shock-absorbing internal structure and potentially, the drag-inducing antenna concept. These represent the top technical challenges and there are currently developments in progress in each area. Lastly, it should be recognised that the stability and timely initiation of the re-entry are critically important and require further analysis and would likely lead to the inclusion of a propulsion subsystem with sufficient control-authority to initiate an accurately timed and decisive re-entry with a landing ellipse that would satisfy the regulatory authorities.
For the longer term, an important programmatic aspect which must be addressed is how to transition from a development project within a university environment to a more stable and agile environment in which the fully functioning MERS system could be built and operated on a regular and commercial basis. A university environment has benefits for some of the early concept development and research into and qualification of new ideas, but with its informal working structures and high turn-over of project staff (in other words, students) it is not suitable to go to production and commercialisation, nor do the infrastructure and capability exist to support an operational system.
A good strategy at this point in the MERS development is to find potential industry and government partners internationally. Software tools for re-entry trajectory and heating prediction, power profile modelling and link budget estimation have been developed at UNSW Canberra, but require further development in order to achieve the level of accuracy and reliability necessary for such a mission. On the programmatic side, there is also the need to orchestrate the ground station network and to organise a meaningful sub-orbital flight experiment. A benefit of the proposed MERS concept is that it is self-disposing and will add no further debris to LEO.
Finally, more development of the payload concept and exploration of the potential user-base are required.
Conclusion
This paper has presented a feasibility study into a mission to provide regular access to microgravity conditions in LEO for the purposes of research and development. A feasible operational concept, here designated "MERS", has been demonstrated. We show: 
